Vaccine development, which began with Edward Jenner's observations in the late 18th century, has entered its 4th century. From its beginnings, with the use of whole organisms that had been weakened or inactivated, to the modern-day use of genetic engineering, it has taken advantage of the tools discovered in other branches of microbiology. Numerous successful vaccines are in use, but the list of diseases for which vaccines do not exist is long. However, the multiplicity of strategies now available, discussed in this article, portends even more successful development of vaccines.
That vaccines have had a greater effect on mortality than any measure besides clean water has become a cliché (93) . Nevertheless, there are no vaccines for many important diseases. Although in some cases, commercial priorities have been inhibitory, for many of the lacking vaccines, the problems are the complexity of correlates of protection and the difficulty in constructing the right presentation of antigens. Most of our current vaccines have been created by adaptation of living organisms to growth in conditions that attenuate their virulence, by preparation of suspensions of killed microbes or through the concentration and purification of proteins or polysaccharides from pathogens. Fortunately, the advent of molecular biology has given us multiple new tools with which vaccines can be developed. These tools may enable us to make more use of cellular immune responses in addition to the antibody responses that are key to the success of almost all of the vaccines now in use (92) .
Figures 1 and 2 outline the strategies used until recently to develop attenuated and inactivated vaccines, respectively. Development of the former began with the poxvirus related to smallpox used by Jenner, the physical attenuation of organisms by Louis Pasteur, and the use of passage in vitro or in vivo by workers early in the 20th century. The discovery in midcentury of the technique of cell culture for viruses enabled the development of many live vaccines. For inactivated vaccines, the story began in the late 19th century with killed whole bacteria or viruses, a technique which continues to yield important biologicals. Later development depended on taking apart the microbes and using extracts, purified proteins, purified polysaccharides, or detoxified extracellular products (toxoids). The chemical linkage of proteins to polysaccharides dramatically increased the immunogenicity of vaccines based on bacterial capsules. Table 1 lists the vaccines currently licensed in the United States.
Newer strategies for vaccine development and new domains in vaccinology are listed in Table 2 . The list is inevitably incomplete, as new strategies are proposed almost daily, and this space is insufficient to do more than describe the most promising.
NEW STRATEGIES FOR LIVE VACCINES
Live attenuated vaccines have been among the most powerful for the purpose of disease control and even eradication, owing to the strong antibody and cellular responses elicited by them. However, they have also been associated with genetic instability and residual virulence (31) . A number of strategies are now available for dealing with those issues, of which we will mention six: reassortment, reverse genetics, recombination, deletion mutants, codon deoptimization, and control of replication fidelity.
Reassortment is not really a new strategy but has been used frequently for the creation of influenza vaccine strains that bear new hemagglutinins (HAs) and also grow well in vitro and, more recently, for the development of a vaccine against the human rotaviruses that cause infantile gastroenteritis (19) . In the development of this vaccine, a bovine rotavirus naturally attenuated for humans served as a donor for 10 of 11 double-stranded RNA (dsRNA) fragments that code for the proteins of rotaviruses. This virus was coinfected in cell cultures with human rotaviruses of the four predominant G serotypes that are defined by the presence of the vp7 protein on the surface of the virus. Vp7 and another surface protein, vp4, contain neutralizing epitopes, and reassortants were selected in which the 10 dsRNA segments from the bovine virus were supplemented by a vp7 from G serotypes 1 to 4. A fifth reassortant was made from the 10 dsRNAs of the bovine virus and the dsRNA of the most common vp4 genotype, called P [8] , to yield a pentavalent vaccine that, when given orally, conferred broad properties protective against rotavirus diarrhea (119) .
Reverse genetics involves the alteration of DNA complementary to viral negative RNA strands and reconstitution of the viruses through coinfection of cells with plasmids containing those cDNAs. The phenotypic characteristics of the resulting viruses can then be correlated with the genetic changes made to the cDNAs. In this way, new properties can be in-duced in many different negative-stranded RNA viruses, including that of attenuation (84) .
Recombination allows the insertion of desirable genes of one microbe into the genome of another. One example is the parainfluenza 3/respiratory syncytial virus (RSV) recombinant developed at the NIH (103) . A parainfluenza virus was attenuated by reverse genetics and recombination with a naturally attenuated bovine parainfluenza 3 virus. The HA-neuraminidase gene of the parainfluenza virus was then excised, and the gene for the RSV fusion protein was inserted in its place. The resulting virus was then given intratracheally to monkeys, which were subsequently challenged with wild RSV, also given intratracheally. Whereas control monkeys were easily infected in both the upper and lower respiratory tracts, vaccinated monkeys were completely protected (112) .
A similar strategy has been employed to insert the Ebola virus glycoprotein into the parainfluenza 3 virus in order to protect animals against Ebola virus (12) , and Sendai virus has been recombined with the HA-neuraminidase genes of human parainfluenza viruses 2 and 3 to give protection in animals against parainfluenza types 1 to 3 (59) .
Numerous molecular strategies have been proposed to effect attenuation more rapidly than by passage in unnatural conditions in tissue culture or in animals that are not normal hosts. The simplest strategy employs deletion mutants, such as those used to attenuate dengue viruses (79) or polioviruses through excision of portions of 5Ј noncoding regions (72) . Other strategies include codon deoptimization (13, 20, 21, 23, 83, 99) , which attenuates by changing the original nucleotide triplets preferred by the virus to code for amino acids to triplets less often used to code for the same amino acids; enhancement of replication fidelity of error-prone One example of the possibilities offered by deletion is the deletion of open reading frames (ORFs) 10 to 12 from the varicella virus. Those ORFs are essential for the replication of varicella virus in the skin, and such a deletion mutant might induce fewer vesicular lesions than the current vaccine (17) .
VECTORS
The strategy that is now used more than any other in experimental vaccinology is that of the use of vectors. Vectors can be defined as nonpathogenic vehicles into which genes from pathogens are inserted and from which those genes are expressed. The range of vectors now includes a huge variety of viruses and bacteria, and only a flavor can be given of the richness of this strategy. Table 3 lists some, but not all, of the vectors being explored.
An example of a vectored vaccine that is in advanced clinical development is a vaccine for dengue fever. This vaccine is based on the use of the attenuated 17D yellow fever virus as a vector (16) . As indicated by the cartoon shown in Fig. 3 , the main surface antigens of this virus are coded by the PrM and E genes. These two genes can be removed and replaced by the corresponding genes of other flaviviruses, such as dengue virus serotypes 1 to 4. Thus, to vaccinate against dengue virus, a quadrivalent vaccine has been created, each component of which is a 17D virus vector expressing the genes of a single dengue serotype. The results of early clinical trials showed that neutralizing antibodies are uniformly elicited against all four dengue serotypes after two subcutaneous injections of the quadrivalent vaccine (28, 43, 44) . This is a requirement, as dengue hemorrhagic fever is probably caused by a heterotypic enhancing antibody produced in response to a prior dengue virus infection. The same 17D vector has been used to create a new Japanese encephalitis virus vaccine (80) .
Another example of the utility of vectors for a different approach, that of eliciting cellular immunity, derives from efforts to develop a vaccine against the human cytomegalovirus (HCMV), which is now the most common congenital infection (15, 22, 62) . Fetuses infected during pregnancy may later exhibit mental retardation, deafness, and many other anomalies. In addition, HCMV is frequently responsible for complications of solid-organ or bone marrow transplantation (11, 41, 123) . Both antibody and cellular immune responses may be needed to control the virus (25) . The gene coding for pp65, the lower matrix phosphoprotein of HCMV, was inserted into a canarypox virus vector, which was then injected twice into seronegative volunteers. As shown in Fig. 4 , all of the volunteers developed cytotoxic T cells directed against the virus (8, 42) .
Vectors containing human immunodeficiency virus (HIV) genes are now the most frequently used experimental vaccines against AIDS. Vectors for adenovirus (both nonreplicating and replicating), poxviruses, vesicular stomatitis virus, and many others are being tested (37) . 
REPLICATION-DEFECTIVE VLPs
Some viral proteins are capable of self-assembly, even in the absence of other viral proteins. So we now have two powerful vaccines against human papillomavirus (HPV) serotypes that cause cervical and other cancers, and one of those vaccines protects against papillomavirus serotypes that cause genital warts. In these vaccines, the L1 proteins of the viruses are produced by insertion of the genes into Saccharomyces cerevisiae or into baculoviruses (36, 87) . This yields virus-like particles (VLPs) consisting of only a single protein, as shown in Fig. 5 . Unfortunately, these vaccines are expensive to make, and their use in developing countries may therefore be delayed. Recently, an approach to making an oral papillomavirus vaccine was proposed. A vaccine against typhoid already exists that uses an auxotrophic variant of Salmonella enterica serovar Typhi called Ty21a. The gene for the L-1 protein of HPV serotype 16 (HPV16), an oncogenic serotype, was inserted into Salmonella bacteria. In mice, oral administration of the modified Ty21a resulted in invasion of intestinal cells and local production of VLPs. The mice also developed serum and vaginal antibodies against HPV16 (34) .
The strategy employing VLP production has become widespread, as immunogenicity to proteins presented in a structure rather than in solution is increased (57, 102) . Thus, VLPs against viruses as diverse as influenza virus and Ebola virus are viable candidates for vaccine development (12, 38) . A special case that combines vectors with VLPs is the replicon strategy based on alphaviruses and flaviviruses (1, 122) . These viruses can be deprived of a portion of the genome that allows replication; the excised portion is then placed in a producer cell. As depicted in Fig. 6 , transfection of the producer cell with the part of the genome that codes for the structural and nonstructural proteins of the viruses, together with a foreign gene of interest, results in the synthesis of a particle containing viral and foreign proteins. However, whereas such a particle can enter the cells of a vaccinated individual, it can replicate only in a single cycle, because it lacks the gene permitting replication. Nevertheless, during that single cycle, it produces VLPs containing both vector and foreign proteins that stimulate the immune system. Replicons can also be made by the use of DNA plasmids; plasmids containing the genetic material for replicons are also immunogenic but exhibit lesser induction of antivector immunity (68) .
It is noteworthy that the technologies of VLPs and vectors overlap: some vectors can be used to produce VLPs (48). 
DNA PLASMIDS
The serendipitous discovery that injection of DNA plasmids containing gene inserts of interest is followed by transcription and translation to proteins that are carried to antigen-presenting cells in the bone marrow was followed by optimism concerning the value of this strategy in vaccinology (115, 124) . That optimism has not been justified heretofore by the results of immunization of humans, principally because the induction of antibodies has been poor (29) . However, recent results have indicated that this defect appears to be ripe for correction through the use of either of two modalities: electroporation or adjuvantation. Electroporation consists of the simultaneous application of injected DNA together with a small electric current that enhances the uptake of the DNA by antigenpresenting cells (51, 64, 71) . Adjuvants that also enhance immunogenicity of DNA plasmids consist of poloxamers and cationic lipids (88; L. Smith, M. Wioch, M. Ye, et al., unpublished data). Through the use of these two modalities, protective levels of antibody against pathogens such as avian influenza virus and measles virus are induced. The results of an experiment performed using monkeys and measles virus cDNA in which protective levels of antibody against measles virus HA and fusion proteins were obtained are shown in Fig. 7 .
Thus, the problems involving induction of B-cell-based immunity conferred by DNA plasmids may be solved, but in any case, DNA plasmids have the virtue of priming T-cell immunity and T-cell memory responses, even in the presence of passively transmitted maternal antibodies (47, 97) . The latter property makes DNA potentially interesting for immunization of newborns. Of more interest, DNA is now clearly one of the best priming agents in prime-boost regimens (see below).
REVERSE VACCINOLOGY
Reverse vaccinology is a term coined by Rino Rappuoli for the mining of microbial genomes, usually bacterial, to find proteins of vaccine interest (81, 96) . The process begins with the sequencing of a genome followed by computer analysis of DNA ORFs to predict which will produce surface or secreted antigens. The candidate ORFs are then inserted into Escherichia coli bacteria for expression of the corresponding proteins. The expressed proteins are used to immunize the mice from which serum samples are collected to test for bactericidal activity and surface localization. If the serum samples show that the protein is conserved in multiple bacterial strains, it can then be included in vaccine development.
Reverse vaccinology was used to identify five proteins from group B Neisseria meningitidis that were combined into a vaccine now in clinical trial (4, 39, 91) . A group B vaccine has not been available owing to cross-reaction between capsular antigen and neural cell adhesion molecules in the developing brain. Development of many other bacterial vaccines, including experimental vaccines against group B streptococci, pneumococci, Bacillus anthracis, Chlamydia pneumoniae, and Porphyromonas gingivalis, the principal agent of periodontitis, is profiting from the strategy of reverse vaccinology.
Newer variations on reverse vaccinology include pan-genome reverse vaccinology and comparative genome analysis (104) . The former consists of genomic sequencing of numerous strains of a particular organism in order to identify antigens present in common. These then become components of a vaccine that should cover all or almost all strains. This approach has been fruitful for group B streptococci (73) . In comparative genome analysis, the objective is to identify antigens produced only in pathogenic strains, which is important for organisms that exist in both pathogenic and nonpathogenic forms.
PRIME-BOOST
A principle has emerged from recent experimental vaccine development, namely, that priming with an antigen presented one way, followed by a boost with the same antigen but presented in a different way, leads to an augmented response to the antigen. This principle is called "prime-boost." It has been used primarily for AIDS vaccines but is being applied in many other domains (33, 95) . It appears that a heterologous boost induces more effector T cells (53) .
In AIDS vaccine development, DNA plasmids coding for HIV proteins have often been used as the prime, whereas poxviruses containing the genes for the same proteins have often been used as the boost (37) . An example is shown in Fig.  8 , in which it is shown that the prime-boost regimen was much more immunogenic than administration of the poxvirus alone (46) .
MISCELLANEOUS STRATEGIES
Examples of a host of new leads that may prove to be fruitful deserve to be mentioned. Gene delivery by invasive bacteria in relation to the use of Ty21a to deliver HPV genes into intestinal cells is described above, and other uses are under exploration (106). Adenovirus-associated viruses can be vectors for (58). Although the use of peptide epitopes as vaccines has thus far not yielded a licensed product, several strategies are promising, aside from adjuvantation. Multiple peptides may be linked to provide immunity to multiple strains, as in the case of group A streptococci (26) . Protein conjugation increases the immunogenicity of peptides as well as of carbohydrates. Fusion proteins that string together epitopes important for immunity avoid responses to unimportant epitopes (110) . Immune refocusing by excision of immunodominant but unprotective epitopes has the same goal (114) . So does DNA shuffling, a process in which recombination of genes that induce crossreactive proteins results in broader immunogenicity (69) . Lastly, mimotopes may be identified by screening of peptides with antibodies, enabling immunization with epitopes that are difficult to create artificially, which is particularly important for vaccination against cancer (125) . A special case of vectors is represented by killed but metabolically active Listeria bacteria (10, 107) . These bacteria can still be taken up by dendritic cells, carrying with them foreign genes that express proteins in those professional antigen-processing cells. The success of genomics may be carried further by transcriptomics and proteomics (56, 67) . In the former case, mRNA transcripts that are active in vivo rather than in vitro may identify proteins that are virulence factors, whereas in the case of proteomics, all of the proteins and their epitopes that are produced by an organism are analyzed to determine structure and function. The application of systems biology to vaccinology is simply the search for gene expression signatures that associate with protective immune responses (35, 94) .
ADJUVANTS
For many years, aluminum salts were the only acceptable adjuvants for vaccines. However, the need to induce immune responses to poorly immunogenic proteins, combined with newer knowledge of innate immunity and its effect on adaptive immunity, has encouraged the search for and use of other adjuvants (7, 74, 77, 98) . This review is too short to mention all of the adjuvants that are under investigation. (27, 45) ; the first one to be licensed is a monophosphoryl lipid A that stimulates TLR-4 and has been incorporated into an HPV vaccine (87) . Safety data on this adjuvant are excellent (118) . Other promising TLR ligand adjuvants include dsRNA (TLR-3) (108), flagellin (TLR-5) (54), and CpG oligodinucleotides (TLR-9) (3).
The incorporation of antigens and adjuvants into nanoparticles and nanoemulsions is another way of increasing immune responses, as they can be taken up by antigen-presenting cells, even on a mucosal surface (63, 89, 100) .
ROUTE OF VACCINATION
It is obvious that there is a limit to the number of simultaneous injections that can be given, particularly for infants. Efforts to solve that problem have centered on the combination of vaccines into one injection and on alternate routes of vaccination. Although up to six vaccines have been combined into one product, unanticipated problems of interference have demonstrated the limitations of that approach.
Thus, strenuous efforts are being made to develop other routes of vaccine administration: intranasal, aerosol, oral, transcutaneous, and even rectal. Intranasal administration is already used for live influenza vaccine (5) and is potentially interesting for the treatment of other respiratory infections and sexually transmitted infections, as genital mucosal responses may be elicited by antigens placed in the nose (9, 86) . Aerosol administration of measles and rubella vaccines has already demonstrated experimental success and is being actively explored by the WHO (70) . Many investigators are looking for ways to overcome intestinal tolerance to foreign antigens to facilitate oral administration of vaccines (75, 121) .
The new route that has become practical is transcutaneous administration. The skin contains numerous Langerhan cells, which carry antigens to neighboring lymph nodes, as depicted in Fig. 9 (40) . Although most of these cells are in the dermis, they can migrate into the epidermis (85) . Transcutaneous immunization relies on delivery of antigen by patches containing an antigen with or without an adjuvant that promotes passage through the epidermis (76), on microneedles that bear an antigen and penetrate only into the epidermis, or on antigen delivered simultaneously with a small electric current. The microneedle system has been applied to administration of influenza vaccine, for which equivalence or even superiority has been demonstrated in comparison with intramuscular injection (6, 52, 66, 117) . Fig. 10 illustrates one device used for microneedle administration. The needle is 30 gauge and is 1.5 mm long.
VACCINE MANUFACTURE
Techniques for vaccine manufacture have been constrained by the regulatory acceptability of newer substrates. Until recently, the only acceptable substrates have been cells cultured from the organs of animals, human diploid cell strains, and embryonated avian eggs, although Vero cells, a cell line derived from the African green monkey kidney, have achieved respectability for the delivery of inactivated polio and rabies vaccines. However, the practical and economic limitations of use of those substrates have encouraged investigation of other means for vaccine production. Pressure to make larger numbers of doses of influenza vaccines has been instrumental in driving the new technologies (116) .
Foremost among the new resources are cell lines, including spontaneously or artificially transformed continuous cell lines. Thus, cell lines from canine, chicken, insect, and human cells are all candidates for acceptance (60, 90) . Transformation through transfection with the adenovirus 5 E1 gene appears to be safe and allows the cultivation of agents that are ordinarily difficult to replicate in vitro. Among the cell lines that are receiving the most attention are Madin-Darby canine kidney cells (30) , HEK293 and PerC6 human retinal cells (65, 113) , and Spodoptera frugiperda insect cells (24) .
An intriguing potential technique is the possible production of proteins in plant cells by the use of an Agrobacterium vector. In this technology, tobacco plants are grown in the laboratory, and then the leaves are infiltrated under pressure with a suspension of Agrobacterium bacteria containing the gene for an influenza virus HA. The suspension infiltrates the entire leaf, and after 4 days, the plant cells produce influenza virus HA. The leaves can then be ground up and the HA concentrated and purified by the usual techniques to yield vaccine antigen (18, 105) .
CONCLUDING THOUGHTS
Influenza vaccine is an example of how modern vaccinology can potentially improve an old biological tool, as shown in Table 5 . First, new antigens can be added to the HA. These include defined amounts of neuraminidase; M2e, a protein from the virus that elicits broad neutralization (82); conserved epitopes, including the newly described conserved fusion peptide in the stem of H1 and H5 HA (9, 32, 49, 78, 111) ; bivalent peptide conjugate that also may give broad protection (4); nucleoprotein that generates cellular immune responses; and (14, 49) . New formulations of influenza vaccine that could improve immunity are those employing DNA plasmids coding for HA, VLPs, nanoparticles with liposomes, and HA to which new adjuvants have been added using either oil in water or TLR ligands (125) .
Live influenza virus vaccine produced on the basis of reassortment is already in use, and NS1-deleted strains that do not elicit interferon responses are under investigation (109) .
Finally, combinations of the techniques described above can be used in a prime-boost strategy.
Although this review has not focused on safety, it is clear that the progress of vaccinology depends on vaccines that are not only effective but also free of serious reactions. Although a zero reaction rate is an impossible goal, the new strategies described above could potentially improve vaccine safety through attenuation of live agents and avoidance of allergic and autoimmune reactions through the employ of purer and better-characterized antigens.
In the 21st century, a number of problems stand out as the biggest in vaccinology. Among them I would cite five: immaturity of responses in the newborn owing to poor antigen processing; postmaturity of responses in the elderly owing to deficiencies of naïve T cells; maintenance of both effector and central memory cells after the antigen is no longer present; adjuvants capable of selectively stimulating distinct cell types such as B, Th1, Th2, Th17, Treg, CD4 ϩ , CD8 ϩ , or dendritic cells; and mucosal immunization with nonreplicating antigens. Although these are large problems, I am not pessimistic about their solution. As Maurice Hilleman stated, "Vaccinology is a field in which dreams may be turned into realities. It is an activity which is heavily overshadowed by uncertainties, but can be conquered by persistent rational pursuits and by selective choices needed to surmount the hills and mountains in the quest" (50). His bibliography includes over 675 articles, and he has edited several books, including the standard textbook on vaccines. He developed the rubella vaccine now in standard use throughout the world, was codeveloper of the newly licensed pentavalent rotavirus vaccine, and has worked extensively on the development and application of other vaccines, including polio, rabies, varicella, and cytomegalovirus vaccines.
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